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The field of group III-nitride semiconductors has seen incredible developments 
during last couple of decades. They are recognized as the most promising materials for a 
wide field of optoelectronics and electronic devices. Their bandgap ranges from 6.2 eV 
for AlN to 0.7 eV for InN, covering a wide spectral r nge from infrared (1.77 mm) to 
deep ultraviolet (200 nm). Their direct bandgap makes them useful for fabricating 
optoelectronic devices such as light emitting diodes (LEDs), laser diodes (LDs), and 
photodetectors. III-nitride semiconductor materials o possess strong bond strengths 
and exhibit good structural, chemical and thermal st bility. These properties make it 
possible for III-nitride based devices to operate in the high-temperature environments and 
also make them compatible with high processing temperatures. They also have high 
electron saturation velocity and high breakdown field. Such unique material properties 
also make III-nitride semiconductor very popular for the applications in high power, high 
frequency devices such as high electron mobility transistors (HEMTs).  
AlGaN is the semiconductor materials of choice for optoelectronic devices in the 
ultra-violet (UV) spectral range and high power, high frequency electronic devices.  
Significant advances have been made in AlGaN based UV light emitting diodes high 
electron mobility transistors during the last decade. Performance and reliability of these 
devices strongly depend on the electronic properties of epitaxial layers which are 
critically affected by structural defects and unintentional doped impurities. As the 
bandgap of AlGaN increases with its Al composition, the ionization energies for silicon 
v 
(n-type dopant) and magnesium (p-type dopant) increase too, resulting in a lower 
ionization efficiency. Therefore, both n-type and p-ty e doping of AlGaN layers is much 
more difficult than GaN. Very high Si doping concentration is needed to achieve low 
resistivity AlGaN layers.  
Effective doping without compromising material quality is the key to high 
efficiency of AlGaN based devices. This thesis is focused on optimization of AlGaN 
epitaxial growth and the effects of n-type doping on AlGaN epilayer quality. AlGaN 
films were grown on c-plane sapphire substrates using metal organic chemical vapor 
deposition. First growth optimization of AlGaN layer was carried out. A systematic study 
of a series of Si-doped AlxGa1-xN layers with three different x = 50%, 65% and 72% was 
accomplished. Detailed material characterization including x-ray diffractometry, atomic 
force microscopy, hall-effect measurement, sheet resistance mapping, and transmission 
line measurement was carried out. As the doping concentration increased, carrier 
concentration was found to monotonically increase whereas doping efficiency reduced. 
Hall mobility and carrier concentrations were found to reduce with increased Al 
concentration, as expected due to increased ionization energy. Calculated doping 
efficiency was found to be consistent with doping efficiency equation. The 
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CHAPTER 1: INTRODUCTION 
 
Chapter 1 reviews the history and scientific breakthroughs in the field of III-
nitrides. Nitride-based device structures for electronic and optoelectronic applications 
usually incorporate layers of AlxGa1-xN, where 0 ≤ x ≤ 1 depending on the targeted 
wavelength or specific application. The layers could be binary, ternary or quaternary type 
of semiconductors and may be undoped or doped with p- or n- type of impurities. Various 
growth techniques, their current status and challenges associated with heteroepitaxy of 
AlGaN films are also discussed in this chapter.  
The field of group III-nitrides has seen remarkable developments during last two 
decades. They are recognized as the most promising materials for a wide field of 
optoelectronics and electronic devices. 
 





 They are wide bandgap materials and crystallize in wurtzite or zinc blende 
polytypes, the wurtzite being the most common. Their bandgap ranges from 6.2 eV for 
AlN to 0.7 eV for InN, covering a wide spectral range from infrared (1.77 mm) to deep 
ultraviolet (200 nm) [1]. Their direct bandgap makes them useful for fabricating 
optoelectronic devices such as Light Emitting Diodes (LEDs), laser diodes, and 
photodetectors. III-nitride semiconductor materials o possess strong bond strengths 
and exhibit good structural, chemical and thermal st bility. These properties make it 
possible for III-nitride based devices to operate in the high-temperature environments and 
also make them compatible with high processing temperatures. They also have high 
electron saturation velocity (2x107cm/s) and high breakdown field (~2 MV/cm). Such 
unique material properties also make this III-nitride semiconductor very popular for the 
applications in high power, high frequency devices such as High Electron Mobility 
Transistors (HEMTs).  
1.1 EVOLUTION OF III- NITRIDE FILMS AND CRYSTALS GROWTH 
As reviewed by Ambacher the history of group III-nitrides covers more than a 
century. AlN powder was first made in 1862 from liquid Al and N2 gas. The major 
drawback of this direct reaction method is that the surface film of AlN on Al is highly 
adherent and hinders further reaction. Almost a century later in 1964 a more useful 
method for making AlN is to react AlF3 powder with NH3 gas at high temperatures. The 
overall chemical reaction at 1000 o C is:  
AlF3(s) + NH3 (g) → AlN(s) + 3HF (g)     . . . . . . . . . . . . . . . 1.1 
In order to promote the formation of AlN, it is necessary to keep the NH3 partial 




minimum of 25 molecules of NH3 are needed for each AlN molecule produced. The 
earliest investigations of GaN powder were reported by Johnson and co-workers, who 
described the conversion of metallic Ga in a NH3 stream by the chemical reaction: 
2Ga (l) + 2NH3 (g) → 2GaN(s) + 3H2 (g)   . . . . . . . . . . . . . . . 1.2  
They obtained a black powder by flowing ammonia over metallic gallium at 
1000oC. These early growth processes and investigations resulted in AlN and GaN 
powders and very small crystals which were used to e ermine basic physical properties 
like crystal structure, lattice constants and optical properties. These results enabled the 
identification of substrate materials suitable for the heteroepitaxy of group III-nitrides [2]. 
The first demonstration of growth of GaN and AlN films by MOCVD was carried 
out by Manasevit et al. in 1971. However, the first p-n junction GaN-based LED by 
MOCVD was achieved much later in 1989 by Amano and Akasaki et al. [2] [3] . Akasaki 
and his collaborators showed that good epilayers of III–nitrides on sapphire substrates 
can be grown by MOCVD if the growth is performed in two steps. Various epitaxial 
growth techniques and its uniqueness are briefly discussed here.  
1.2 CURRENT EPITAXIAL GROWTH TECHNIQUES 
Molecular beam epitaxy (MBE), hydride vapor phase epitaxy (HVPE), and metal 
organic chemical vapor deposition (MOCVD) are the tree common methods used for 
growth of III-nitride epilayers.  
1.2.1 Molecular beam epitaxy 
MBE can produce high-quality layers with very abrupt interfaces and good 
control of thickness, doping, and composition. MBE growth mechanism is shown in 
 
 
Figure 1.2 [3]. It involves evaporation of the source materials andlayer
on a hot substrate. 
 
Typically atoms are delivered as a beam of gas
high vacuum. Atoms arriving at the substrate surface may undergo absorption to the 
surface, surface migration, incorporation into crystal lattice and thermal desorption. 
Which of the competing pathways dominates the grow
temperature of the substrate. Growth temperatures a usually much lower than for 
MOCVD to avoid evaporation of the group III material. Since N2 cannot be dissociated 
by using conventional effusion cells, alternate nitrogen s
Use of ammonia as a nitrogen source results in very low growth rates as ammonia is very 
stable at lower temperatures. Plasma sources can be used to grow high quality GaN at 
growth rates comparable to MOCVD. However, due to the 




Figure 1.2: MBE growth mechanisms 
 onto the substrate under extremely 
th ill strongly depend on the 
ources are usually employed. 







1.2.2 Hydride vapor phase epitaxy  
HVPE technology was used to deposit epilayers of both GaN and AlN more than 
40 years ago. The method provides deposition rates of everal microns per minute 
making it possible to grow hundred microns thick layers.  H.P. Maruska et al. [1] used 
HVPE to demonstrate the first GaN violet light emitter. AlGaN alloy growth by HVPE 
has also been performed. However, despite substantial progress in material quality and 
process understanding, background n-type carrier concentration in grown materials 
remained high and achieving p-type conductivity was very challenging. Rapid progress in 
MOCVD for p-type GaN and AlGaN materials in the early 1990s and its ability to form a 
(Al)N/InGaN quantum well structures made HVPE technology obsolete for growth of 
device structures. 
1.2.3 Metal organic chemical vapor deposition  
 
Figure 1.3: MOCVD process [4] 
 
 MOCVD has developed over the past two decades into the leading technique for 




1960s by Manasevit and Simpson to deposit GaAs films onto foreign substrates. The near 
equilibrium technique such as HVPE is not suitable for nucleation onto a chemically 
different surface. These pioneers found that if they used combination of an alkyl 
organometallic for the group III element and a hydride for group V element, then films of 
GaAs could be deposited on a variety of different surfaces. Thus the technique of 
MOCVD was born and in the late 1980s it became the main production technique after 
improving the purity of organometallic precursors and hydrides.  
As shown in Figure 1.3, growth by MOCVD involves gas phase transport of 
organometallic precursors, hydrides and carrier gases to a heated substrate. Higher 
growth temperatures allow the volatile precursors t pyrolize at the substrate and deposit 
a nonvolatile solid film. The group III sources are usually Trimethylgallium (TMGa), 
Trimethylaluminum (TMAl) and Trimethylindium (TMIn) whereas high-purity ammonia 
(NH3) is used as the hydride source. Silicon (Si) is the most common n-type dopant and 
is delivered in hydride forms, such as silane (SiH4) and disilane (Si2H6) whereas Mg is 
the most common p-type dopant.  
1.3 SUBSTRATE SELECTION AND ISSUES 
Unlike other semiconductors, growth of native III-nitride substrates is extremely 
challenging. The key obstacle is the low solubility of N2 in metal melts at reasonable 
temperatures and pressures coupled with high vapor pressure of N2 above nitrides [2]. 
Therefore the standard methods of crystal growth used for producing semiconductor 
substrates (such as Bridgman, Czochralski, Verneuil) cannot be used for III-nitrides. Bulk 
GaN and AlN substrates are now commercially becoming available. Growing epi-layers 




can produce epi-structure with a very low dislocation density but these substrates are very 
expensive and available in smaller sizes of about 1 inch diameter. Due to their high cost 
and limited size bulk substrates are not preferable for industrial applications. The bulk 
AlN substrate also has a high light absorption rate which makes them inefficient for 
optoelectronic applications. The substrate selection becomes crucial in the field of III-
nitride due to all constrains associated with native substrates. The growth over foreign 
substrate has been mature over this period. A wide vari ty of foreign substrate materials 
have been studied by various groups for nitride epitaxy, including sapphire, SiC, Si, GaP, 
W, ZnO, MgAl2O4, MgO, LiAlO2, and LiGaO2. The most promising results so far have 
been obtained on sapphire, Si, and SiC. However, the is significant mismatch of lattice 
constants as well as thermal expansion coefficients (TEC) between III–nitrides and these 
substrates as shown in following Table 1.1 [1] [2] 
 
Table 1.1: Mismatch of lattice constants and thermal expansion coefficients between III-
nitride and most favored foreign substrates. 
 
 Lattice mismatch (%) TEC mismatch (%) 
Substrate/III-Nitrides AlN GaN InN AlN GaN InN 
Sapphire 11.73 13.86 22.58 -44.67 -25.47 -24 
Si (111) -23.38 -20.91 -9.37 59.62 115 119 







Figure 1.4: Schematic representation of in-plane atomic arrangement in the case of 
(0001) AlN film grown on (0001) sapphire [2] 
 
In spite of large differences in lattice parameters and TECs, heteroepitaxy of 
nitrides on c-plane sapphire has produced the best device performance to date. As shown 
in Table 1.1 the lattice mismatch of GaN with sapphire is ~14 %. The quality of the films 
grown directly on sapphire without buffer layer is poor and hillocks are observed because 
of the large mismatch of lattice and thermal expansion of GaN and sapphire. The 
schematic representation of in plane atomic arrangement in the case of AlN film grown 
on sapphire is shown in Figure 1.4. Later in this tesis growth of better quality epitaxial 
layer by first growing low temperature nucleation layer, its experiments and results are 
discussed. Large-area high-quality sapphire substrate  re easily available at low cost. 
These substrates are also available in wide range of diameter and thickness. They are 
transparent, stable at high temperature, and the growth technology of nitrides on them is 




1.4 III-N ITRIDES THIN FILMS FOR OPTOELECTRONIC APPLICATIONS 
 
 
Figure 1.5: UV LED Applications [5] 
 
GaN-based semiconductors as wide-band gap materials have found increasing 
scientific and practical interest in the recent years. This is in large part, due to their use in 
high power light-emitting diodes (LEDs) as well as l er diodes (LDs) in addition to their 
application for high power high frequency electronics [2]. The LEDs emit infrared rays, 
visible light, or ultraviolet (UV) rays. The visible range of LEDs plays an important role 
in high density optical storage, solid-state lighting, color printing and display 
applications.  
As shown in the ultraviolet LEDs (UVLEDs) have potential use in disinfection, 
sensing and polymer curing. Emission light in deep-UV band with short wavelengths of 
between 220 and 350 nanometers has high sterilizing power. UVLEDs overall have a 
growing potential in a broad range of applications, i cluding in medicine and in the rapid 





Figure 1.6: Bandgap and wavelength as a function of lattice constant for AlGaInN [1] 
 
AlN, GaN and InN are all direct bandgap semiconductor; the bandgap energy for 
AlN is 6.2 eV, for GaN it is 3.4 eV and for InN it is 0.6. Figure 1.6 shows the bandgap 
energy and wavelength as a function of lattice constant. Unlike the III-phosphide 
semiconductor materials the III-nitride system enables LEDs that emit green, blue, violet 
and even ultraviolet wavelengths.  
The LEDs typically consists of n-type and p-type layers made from GaN or 
AlGaN, quantum wells made from GaInN or AlGaN and blocking layers made from 
AlGaN. In a semiconductor with a bandgap Eg, recombination of an electron-hole pair 
(EHP) leads to the release of an amount of energy equal to Eg. One way this energy can 
be released is through an emission of a photon. The wavelength λ of this emitted photon 





λ =                                  . . . . . . . . . . . . . . . 1.3 
 
Thus, a light source of a desired wavelength can be engineered by using a 
semiconductor with a proper bandgap and the bandgap is controlled just by changing the 
group-III content [1]. Blue LEDs are particularly attr ctive for solid-state lighting 
applications; for the application the blue LEDs arecombined with yellow phosphors to 
make white light source. 
1.4.1 Light Emitting Diodes 
The schematic of typical LED is shown in Figure 1.7.  
 
 
Figure 1.7: Schematic of typical LED 
 
 
The whole structure is grown by epitaxial technique using MOCVD process. The 
device is usually designed such that most of the radiative recombination takes place in the 




reduced. The process occurring in a LED can be divided nto three stages and the overall 
device efficiency ηo, may be expressed as per following equation: 
ηo = ηin ηr ηe                                   . . . . . . . . . . . . . . . 1.4 
where, ηin, ηr, and ηe respectively are the injection, radiative recombination, and extraction 
efficiency.  
The overall LED efficiency is simply the ratio of optical power output and 
electrical power input. Thus, efficiency depends on electrical efficiency and light 
extraction efficiency.  
Wall-plug power efficiency may be expressed as shown in following equation:   




                     . . . . . . . . . . . . . . . 1.5 
This efficiency can be significantly improved by minimizing Pelectrical, which is controlled 
by n-layer and p-layer series access resistance, denoted respectively, Rsn and Rsp. 
Rsn = ρn 

                            . . . . . . . . . . . . . . . 1.6 
where,  the resistivity of the n-layer is ρn, the thickness is dn and contact area is A. 
Rsp = ρp 

                            . . . . . . . . . . . . . . . 1.7 
where, the resistivity of the p-layer is ρn, the thickness is dp and contact area is A [3]. 
The resistivity of both n- and p- type of layers can be improved by effective doping of 
these layers. Hence, doping plays a crucial role in improving efficiency of light emitting 
diodes (LEDs). 
1.4.2 Visible Light Emitting Diodes 
The past decade has seen an explosion in the usage of solid-state lighting, vastly 






Figure 1.8: A dress consisting of 2000 LED lights di plays live tweets during Britain’s 
4G mobile network launch 
 
The single color LEDs has been commercialized with significant improvement in 
its lifetime. The simplified structure of typical InGaN based LED is shown in the Figure 
1.9. 
 




Currently, wide verity of LEDs and Laser Diodes are used for various applications. 
Figure 1.8 shows one of the advanced applications of visible LED being used as a unique 
display platform. The real revolution in lighting technology will occur if we are able to 
replace our conventional white light source with LEDs. 
The most straightforward way to generate white light is to simply combine 
monochromatic light of the three primary colors: red, green, and blue (RGB). This will 
produce a white source matching the RGB sensors of the human eye [6]. However, the 
growth of InGaN with higher In content is intrinsically difficult. The dissociation 
temperature of InN (~600o C) is lower than the general growth temperature range for 
nitrides (~1000o C) and thus the growth temperature of InGaN should be lower. On the 
other hand, the decomposition efficiency of NH3 decreases drastically around 600o C. 
Because of the difficulties faced with the growth of red- emitting InGaN, Philip at el 
considered other potential white light sources; particularly ones in  which  only  require  
emission  wavelengths <600 nm.  
This approach of combining different colors to produce white light is shown in 
Figure 1.10. One such example is the two-color structu e shown in Figure 1.11. This 
device structure features two independently-powered active regions which emit at 
approximately 400 nm and 560 nm. These two wavelengths are known to be
complementary and they can be mixed to yield an overall mission which gives the 

















Figure 1.12: Enhanced version of the CIE Chromaticity D agram  
 
This is often demonstrated by the enhanced version of the 1931 CIE chromaticity 
diagram shown in Figure 1.12 [7]. Pure or saturated colors are located around the 
perimeter of the parabolic and white light is located at its center. A key aspect of 
colorimetry is that color perception is essentially n additive function of the color space. 
Human color perception can be such two light source made up of different wavelengths 
may appear to be the same color. 
Thus two light sources will have the same apparent color to an observer when 
they have the same tristimulus values, no matter what spectral distribution of light were 
used to produce them. Two sources that have the samtrichromatic values will also have 




1.4.3 Ultra Violet Light Emitting Diodes (UVLEDs) 
 
 
Figure 1.13: Schematic of UVLED on sapphire  
The UVLED layer structure is shown in Figure 1.13 [8]. The growth of 
epitaxial structure is done over basal plane sapphire substrate by MOCVD process. The 
UVLED typically consists of MQW active region sandwiched between n-AlGaN and p-
GaN layers. Both the Al compositions of AlGaN barrie  layers, n-AlGaN and p-
AlGaN cladding layers are also adjusted to preserve the carrier confinement in quantum 
wells and proper injection conditions and the optical transparency of cladding layers. 
Superlattices between AlN and n-AlGaN layer minimizes cracking by modifying strain 
properties of the epilayer structure and thus significantly improves the electrical 
properties of n-AlGaN. There are still several issues in achieving more reliable 
UVLEDs with higher efficiency, which is ~ 10 % as compared to the efficiencies of 
visible LEDs ~ 70%. Novel ways of improving and optimizing layer structure of UVLED 




1.5 SCOPE OF STUDY   
As discussed earlier in this chapter, AlGaN is the semiconductor materials of 
choice for optoelectronic devices in the UV spectral range and high power, high 
frequency electronic devices.  Significant advances have been made in AlGaN based UV 
light emitting diodes high electron mobility transistors during the last decade. 
Performance and reliability of these devices strongly depend on the electronic properties 
of epitaxial layers which are critically affected by structural defects and unintentional 
doped impurities. As the bandgap of AlGaN increases with its Al composition, the 
ionization energies for silicon (n-type dopant) and magnesium (p-type dopant) increase 
too, resulting in a lower ionization efficiency. Therefore, both n-type and p-type doping 
of AlGaN layers is much more difficult than GaN. Very high Si doping concentration is 
needed to achieve low resistivity AlGaN layers.  
Effective doping without compromising material quality is the key to high 
efficiency of AlGaN based devices. This thesis is focused on optimization of AlGaN 
epitaxial growth and the effects of n-type doping on AlGaN epilayer quality. First, 
growth optimization of AlGaN layer was carried out. In Chapter 2, optimization of 
AlGaN layer and importance of nucleation layer is di cussed. AlGaN films were grown 
on c-plane sapphire substrates using metal organic chemical vapor deposition. Chapter 3 
covers a systematic study of a series of Si-doped AlxGa1-xN layers with three different x = 
50%, 65% and 72%. This chapter also includes material characterization including x-ray 
diffractometry, atomic force microscopy, hall-effect measurement, sheet resistance 
mapping, and transmission line measurement. Effects of doping on AlxGa1-xN with 




from these characterizations including carrier concentration and doping efficiencies are 















CHAPTER 2: OPTIMIZATION OF ALGAN EPITAXIAL GROWTH 
 
To fabricate nitride-based ultraviolet optoelectronic devices, a deposition process 
for high-Al-composition AlGaN (Al content > 50%) films with reduced dislocation 
densities must be developed. This chapter describes the growth of AlN and AlGaN film on 
(0001) sapphire via a LT AlN nucleation layer using metal organic chemical vapor 
deposition (MOCVD). The influence of the low temperature AlN buffer layer thickness 
on the A lN epilayer is investigated by triple-axis X-ray diffraction, optical 
microscope and optical transmission. The results from sample characterization have been 
discussed later in this chapter. An appropriate buffer thickness results in the best 
structural properties and surface morphology [9] [10].  
2.1 TWO STEP EPITAXIAL GROWTH PROCESS  
Until 1985, hexagonal GaN grown by MOCVD was deposited directly on 
sapphire substrates. The fabricated epitaxial GaN films had rough surfaces mainly caused 
by the three-dimensional growth mode, which resulted in the surface morphology shown 
in the Figure 2.1. In 1986, Amano et al succeeded in remarkably improving the surface 
morphology as well as the electrical and optical prope ties, by deposition of a 50 nm 
thick AlN film on c- plane sapphire as a nucleation layer, before GaN film growth by 





Figure 2.1: Surface micrograph of GaN  
The growth process is shown schematically in Figure 2.2. The essential role of a 
low-temperature buffer layer is both to supply nucleation centers having the same 
orientation as the substrate and to promote lateral growth of the GaN film due to the 
decrease in interfacial free energy between the film and the substrate. Prior to the first 
step, the sapphire substrate is heated to high temperature (1000 – 1100 oC) in hydrogen 
environment. The substrate may also be annealed in NH3 gas to nitridate the growth 
surface. The temperature is then reduced (600 – 700 oC) for the first step growth and a 
low temperature AlN or GaN nucleation layer (LT-NL) with a thickness in the range of 
200 – 500 Ao is deposited. The microstructure of LT-AlN is composed of fine crystallites 
with diameters of 30 – 50 Ao. After the growth of nucleation layer, the substrate is heated 
to the normal growth temperature of ~1000 oC for GaN growth. During the heat up, LT-
AlN layer rearranges from fine crystallites into columns with diameters of 100 – 500 nm. 
In the second growth step, GaN islands nucleate on LT-AlN and then grow laterally. The 





Figure 2.2: Schematic diagram of the growth process proposed by Amano et al  
 
2.2 NUCLEATION LAYER  
Samples for optimization of nucleation layer are grown on c-plane sapphire 
substrate via a low temperature nucleation layer by MOCVD. Hydrogen is employed as a 
carrier gas. A growth pressure of 50 Torr is used along with 1100oC growth temperature. 
Microscopic images, AFM scans and X-ray rocking curves techniques have been used to 
characterize these samples. For this thesis four AlN samples A, B, C and D are grown 
and results have been discussed. Keeping growth conditions constant only buffer 





Table 2.1: Sample details for buffer optimization 
AlN Samples Sample A Sample B Sample C Sample D 
Buffer thickness [Å] 200 245 253 271 
 X-ray, Omega scan 
FWHM [arcsec] 
30.2 9.1 12.7 14.4 
Surface roughness Root 
mean square [Å] 
54 1.27 0.9 1.09 
 
2.3 RESULTS AND DISCUSSION 
The results show that the buffer thickness is a key parameter that affects the 
quality of the AlN epilayer. As shown in Figure 2.3, optical spectrum of Sample A shows 
poor optical properties from the slope. However, Sample B shows no optical degradation. 
 
 





Figure 2.4: X-ray omega scan  
 
Full width half maximum (FWHM) of the x-ray diffraction scan shows the crystal 
quality. From Table 2.1 it is clear that sample A FWHM is almost double than sample B, 
C, and D. Surface roughness scan of Atomic Force Microscopy (AFM) shows very rough 
surface of sample A, 54 angstrom. We can clearly see much lower RMS roughness for 
optimized samples B and C.  
Sample D with buffer thickness has equally good RMS roughness of its surface, 
but microscopic images shows heavy edge cracking. This is the effect of higher than 

















Figure 2.7: Microscope Images (a) and (b) and AFM scan (c) of AlN thin film with 
optimized nucleation layer of 245 angstrom. 
 
 
Figure 2.8: Microscope Images (a) and (b) and AFM scan (c) of AlN thin film with 






Figure 2.9: Microscope Images (a) and (b) and AFM scan (c) of AlN thin film with 271 











CHAPTER 3: EFFECTS OF N-TYPE DOPING ON ALGAN MATERIAL 
QUALITY 
 
When electron–hole pairs are generated in a semiconductor, or when carriers are 
excited in to higher impurity levels from which they fall to their equilibrium states, light 
can be given off by the material. Compound semiconductor with direct band gaps are 
more suitable for light emission. The general propety of light emission is called 
luminescence. This overall category can be subdivided according to the excitation 
mechanism: If carriers are excited by photon absorption, the radiation resulting from the 
recombination of the excited carriers is called photoluminescence; if the excited carriers 
are created by high-energy electron bombardment of the material, the mechanism is 
called cathodoluminescence; if the excitation occurs by introduction of current in to the 
sample, the resulting luminescence is called electroluminescence. Other types of 
excitation are possible, but these three are the most i portant for device applications. 
Nitride-based device structures for electronic and optoelectronic applications 
usually incorporate layers of AlxGa1-xN, and n- and p-type doping of these alloys is 
typically required. Challenges involved in doping of AlGaN films are briefly reviewed 
by Khan et al. [8]. As the bandgap of AlGaN increases with its Al composition, the 
ionization energies for silicon (n-type dopant) and magnesium (p-type dopant) increase 
too, resulting in a lower ionization efficiency. Therefore both n-type and p-type doping of 
AlGaN films is much more difficult than GaN. Sapphire substrates are electrically 




same side of the wafer. Higher resistivity of the n-co tact AlGaN layer results in non-
uniform current injection in the diode active area, known as ‘current crowding’. Current 




Figure 3.1: Schematic of the valence band direct bandg p and indirect bandgap 
conduction band 
The ionization energy for Mg dopants in p-type GaN is already relatively high at 
250 meV and it increases for AlGaN such that it is difficult to achieve conduction in p-
type AlGaN with an Al composition greater than about 25–30%. It is also very difficult to 
make ohmic contacts to p-AlGaN films. [13] [14] Therefore, a thin p-GaN film is 
deposited on the top surface to serve as a contact layer, with this film absorbing some of 
the UV emission. Even if holes can be effectively injected from the metal into the p-GaN 
material, such holes are then faced with a potential barrier before they can be transported 




first interface set up an electric field, which can ttract electrons to avoid the QWs and 
hence recombine non-radiative in the p-GaN layer, and this has a major impact on the 
quantum efficiency. 
The schematic of the valence band direct bandgap and indirect bandgap 
conduction band is shown in Figure 3.1 [16]. The bottom of the conduction band occurs 
at k=0 for direct bandgap semiconductors. GaAs, InPGaAs, AlN, GaN and InN are all 
direct bandgap semiconductor; the bandgap energy for AlN is 6.2 eV, for GaN it is 3.4 
eV and for InN it is 0.6. Unlike the III-phosphide s miconductor materials the III-nitride 
system enables LEDs that emit green, blue, violet and even ultraviolet wavelengths. Near 
the top of the valence band, there are three important curves as shown in Figure 1, the 
heavier mass band is called the eavy hole band, the second lighter band is called light 
hole band, and the third band separated by an energy ∆, is called the split-off band. The 
masses of the valence band electrons are usually much heavier than those in the 
conduction band and are also negative.   
3.1 P- AND N-TYPE SEMICONDUCTORS 
As reviewed in previous chapters, we can see that one of the important factors 
affecting the LED efficiency is injection efficiency. The injection efficiency depends on 
an effective injection of electrons and holes into an active layer for radiative 
recombination. Electrons and holes in cladding layers of the active layer are generated by 
an intentional addition of impurities. The process of introducing dopant atoms into a 
lattice of a host semiconductor is called doping. The doping is classified into two basic 
types; negative (electrons) and positive (holes) type, depending on the type of dopants to 




electron are called donors and called acceptors for creating a hole. After the dopants 
accommodate in the semiconductor, they will form energy states within the bandgap of 
the semiconductor as a donor state and an acceptor sta e.
Nd → Nd
+ + e               . . . . . . . . . . . . . . . 3.1  
 
When a donor state is ionized by donating an electron, it will be positive and it 
is neutral when occupied. In the other case, an ionized acceptor state is negative by 
accepting an electron and it will be neutral when empty. 
Na → Na









Mostly the ionization energy or activation energy of d pant states is analyzed 
by use of the simplest calculation based on the hydrogen-atom model. Using this model 
the electron mass is simply the effective mass at the bandage. This approximation is 
called the effective mass approximation for impurities. The ionization energy of a 
hydrogen atom is 13.6 eV, and can be determined using a following equation: 
    

  ħ                       . . . . . . . . . . . . . . . 3.3 
   
The ionization energy of the donor (Ed = EC - ED) in a semiconductor lattice can 
be obtained by replacing mo – free electron mass by the conductivity effective mass of 
electrons of mce and replacing Ɛo by the permittivity of the semiconductor by  Ɛs. So, the 
ionization energy of the donor is given by the following equation:  
!   " # 
$
                     . . . . . . . . . . . . . . . 3.4 
The acceptor ionization energy, (Ea =    EA−  EV), can also be calculated by using 
the conductivity effective mass of holes. 
 
So far, n- type and p-type group III nitrides are accomplished commonly by 
Si and Mg doping. Their donor and acceptor activation energies in GaN are reported 
about 8-28 meV [16] and 150-250 meV [13], respectivly and the donor and acceptor 
activation energies in AlN of 86 or 250-320 meV and the acceptor activation energies 
of 510 , 630 and 465 to 758 meV  have been reported, espectively [16] [13]. These 
values show that the ionization energies of acceptors in both GaN and AlN are much 
larger than those of donors. Also shows that the ionization energies of donors and 




are activated much more effective than in AlN. Although AlN is naturally insulating, 
making it a difficult material to dope n- or p-type, n- type AlN doped with Si can have 
electron concentration ~ 1015 to 7.4×1017 cm -3, and p-type AlN with Mg-doping can 
have hole concentration ~ 10 10  cm -3 [17]. 
For Si- and Mg-doping in AlxGa1-xN, both ionization energies of Si and Mg 
increase with a higher Al content from 8 to 86 meV for Si in AlxGa1-xN with 0 ≤ x ≤ 1 
and from 150 to 320 meV for Mg in AlxGa1-xN with 0 ≤ x ≤ 0.7 as presented in Figure 3.4 




Figure 3.3: Activation energy of Mg acceptors in Mg-doped p-type AlxGa1-xN as a 






Figure 3.4:  Ionization energies of Si in AlxGa1-xN 
3.2 DOPING EFFICIENCY OF ALXGA1-XN 
As known well, it is not difficult to achieve n-type group III nitrides due to 
unintentional impurity acting as donors in undoped layers. However, it is more difficult 
to obtain high n-type conductivity in AlxGa1-xN layers with a high Al composition up to 
AlN layers respecting to larger activation energy. T h e  b andgap of GaN = 3.42 eV and 
of AlN = 6.2 eV, with increasing Al composition the bandgap of AlxGa1-xN increases 
depending on x value from as low as 3.42 eV (Al 0%) to 6.2eV (Al 100%), the ionization 
energies for silicon and magnesium increase too, resulting in a lower ionization 
efficiency. Therefore both n-type and p-type doping of AlGaN films is much more 
difficult than GaN.  
For undoped semiconductor,  





EF = Ei                                               . . . . . . . . . . . . . . . 3.6 
This, leads to the following equations for n and p: 
Total free electrons in conduction band, 
n = ni %
&'(&

)*+                      . . . . . . . . . . . . . . . 3.7 
Similarly, total free holes in valence band, 
p = ni %
&
(&'
)*+                          . . . . . . . . . . . . . . . 3.8 
 
Because of the doping electrons and holes are not equal anymore, i.e. 
n - p = ∆n ≠ 0                          . . . . . . . . . . . . . . . 3.9 
 
For a semiconductor in a thermal equilibrium,  
n.p = ni
2 = Nc Nv exp, -./              . . . . . . . . . . . . . . . 3.10 
  
At finite temperature, the electrons will be redistributed, but their numbers will be 
conserved and will satisfy the following equality resulting from charge neutrality: 
This gives,   
Nd
+ – Na
-  + p – n = 0                   . . . . . . . . . . . . . . . 3.11 
 
where, n = total free electrons in conduction band, nd (=Nd
+ ) = number of electrons 
bound to the donors, p = total free holes in valence band and pa (= Na
- ) = number of holes 
bound to the acceptors. 
In order to find out what fractions of the donor (acceptor) atoms are ionized one 
need to know the distribution function for the impurity atoms. We can use a similar 




donor level which has an energy Ed measured from the conduction bandage. The ratio of 








        . . . . . . . . . . . . . . . 3.12 
 
where, Ed-Ec can be found using following equation 
 
<= < -13.6 eV ( =>>?@
A  BCB        . . . . . . . . . . . . . . . 3.13 
 
Table 3.1: Electron effective masses of various Al content AlGaN  
AlGaN composition 
Effective electron masses  
m e*  [m0 ]   ** Ec-Ed [eV] 
Al0.0 GaN 0.186                  0.0145  
Al0.25Ga0.75N 0.223                  0.0174  
Al0.50Ga0.50N 0.267                  0.0208  
Al0.75Ga0.25N 0.268                  0.0209  
AlGa0.0N 0.305                  0.0238  
** J.R. Letite et al 
where, Nd = donor density, Ed = donor level energy measured from conduction band, Na 
= acceptor density, Ea = acceptor level energy measured from valence band, Ef = Fermi 
level energy, kBT/e = 0.026 V. The plot of the carrier concentration versus temperature is 
shown in Figure 3.5. The plot was constructed assuming a phosphorous – doped ND = 






Figure 3.5: Typical temperature dependence of the majority – carrier 
concentration in a doped semiconductor. 
 
 
Figure 3.6: Qualitative explanation of the concentration – versus – temperature 
dependence displayed in Figure 3.5 
 
There are three regions as shown in the above Figure 3.5, Freeze out, Extrinsic 
and Intrinsic regions and the carrier concentration and Fermi energy level can be derived 
for each region. At a very low temperature (freeze out region) close to zero Kelvin, all the 
donor atoms retain their electrons which do not have enough energy to be excited to the 
conduction band. All the states in the valence band re occupied by electrons which do 




higher but still low temperature the donor atoms will start to be excited to the conduction 
band according to the equation 3.12 and 3.13.  
From Figure 3.3: Activation energy of Mg acceptors in Mg-doped p-type AlxGa1-
xN as a function of Al content x. Figure 3.3 and Figure 3.4 we can see that the activation 
energy of Si (n-type dopant) is much lower than activ tion energy for Mg (p type dopant) 
for similar x value in AlxGa1-xN. This will consequently results in a lower doping 
efficiency of Mg as compared to Si doping. From doping efficiency equations 3.12 and 
3.13 we can see that as activation energy increases doping efficiency decreases. As 
discussed earlier in this chapter it is also consistent that with increase in the x value of 
Al xGa1-xN, the material bandgap increases and activation energy increases thus increase 
in x-value adversely affect the doping efficiency. In addition to ionization energy, the 
solubility limit of substitutional dopants in the host semiconductor also governs the 
achievable range of carrier concentration by intentional doping. With higher physical size 
and chemical similarity between the dopants and the host atoms, the solubility will be 
higher and it will be easier for the dopants to replace the host atoms.  
3.3 GROWTH OF ALGAN SAMPLES AND CHARACTERIZATION  
For doping study, first templates were grown on a c-plane sapphire using 
MOCVD system. The optimized nucleation layer thickness was adopted from the 
previous experiment described in Chapter 2. It is well established that insertion of SLs 
between high-quality AlN and n-AlGaN avoids cracking by modifying the strain 
properties of the epilayer structure and thus significantly improves the electrical 
properties of n-AlGaN [8] [19]. These research groups have also shown results which 




dislocations and/or other defects (such as point defects) and thus significantly improve 
overall quality of n-cladding AlGaN layers. To grow crack-free AlGaN layer with 1 µm 
thickness compositionally graded transition layers, superlattices were employed. 
For three different AlGaN compositions three types of templates were used as 
shown in Figure 3.7. The samples were characterized for composition using optical 
transmission and 2theta scans from X-ray diffraction.  
 
 
Figure 3.7: Epilayer structures for three different AlGaN compositions 
 
The growth pressure was 50 Torr and temperature was 1000°C -1100 °C. 
Trimethylaluminium (TMA), trimethylgallium (TMG), and NH3 were used as precursors. 
10 ppm SiH4 was used as the n-type dopant.  
AlGaN compositions have been determined using 2 Theta Omega scans from X-
ray diffraction. X-ray 2Theta scans for three types of AlxGa1-xN compositions, x = 50, 65, 
and 72 % is shown in a combined graph as Figure 3.8. The structure of sample E, x = 
50% and sample K, x = 65% have two sets of superlattice between AlN and AlGaN   for 
strain compensating mechanism and crack-free thin-films. Superlattice one and two peaks 




3.3.1 X-ray diffraction 
X-ray diffraction (XRD) is a widely-used technique in materials science, as a 
highly sensitive tool for detailed structural studies.  
X-ray diffraction can be explained in simple terms by the "reflection" of an 
incident X-ray beam from a stack of parallel equidistant atomic planes. The electrons that 
surround the atoms, rather than the atomic nuclei th mselves, are the entities which 
physically interact with the incoming X-ray photons. At each atomic plane a small 
portion of the beam is reflected. If those reflected beams do not cancel each other by 
interference, a diffracted beam can be observed. The condition where the reflected beams 
interfere positively (add up in phase) to give a strong diffracted beam is given by Bragg's 
law. The Bragg law may be written as: 
Dλ  2F-GHIDθ                     . . . . . . . . . . . . . . . 3.14 
 
Where, n is an integral number describing the order of reflection, λ is the 
wavelength of the X-rays, dhkl is the spacing between the lattice planes and θ  is the Bragg 
angle where a maximum in the diffracted intensity occurs. At other angles there is little or 
no diffracted intensity, because of negative interference. Since we know λ and we can 
measure θ, we can calculate the interplanar spacings. The chara teristic set of dhkl 
spacings generated in a typical X-ray scan provides a unique "fingerprint" of the material. 
Using adequate incidence angles, various information about the crystal structure, 
composition or imperfections can be obtained. Philips Panayltical X’Pert Pro MRD 
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Figure 3.8: X-ray Diffraction 2Theta scan of AlxGa1-xN, x = 50 %, 65% and 72%  
 







e 35.25 5.0861 48.71 
k 35.45 5.0583 62.4 
q 35.58 5.0404 71.2 
 
Table 3.2 shows the x-values calculated from 2Theta angle of X-ray diffraction of 




3.3.2 Optical Transmission of Samples 
The thickness measurement of the samples was done usi g optical transmission 
spectrum and equation shown here. The composition of the AlGaN was also calculated 
using Vegards’ Law.  
 
Figure 3.9: Optical transmission spectrum of various AlGaN compositions 
 





       . . . . . . . . . . . . . . . 3.15 
Where d is film thickness, n is refractive index of layer, λ1 is wavelength maxima, 
and λ2 is wavelength minima.  
 





3.3.3 Atomic Force Microscopy 
Atomic force microscopy (AFM) provides three-dimensional surface topography 
at nanometer lateral and sub-angstrom vertical resolution on semiconductors and other 
materials. A sharp tip on the end of a flexible cantilever scans a sample surface, while 
maintaining a constant force. The surface is scanned by a piezoelectric tube that moves 
the tip in a raster pattern with respect to the sample. The tip-sample interaction is 
monitored by reflecting a laser off the back of the cantilever into a split photodiode 
detector. By detecting the difference in the photode ector output voltages, changes in the 
cantilever deflection or oscillation amplitude are determined.  
The two most commonly used modes of operation are conta t mode and tapping 
mode. In this work the samples were investigated using the tapping mode. Here the 
cantilever is oscillating close to its resonance frequency (typically » 300 kHz) and lightly 
tapping on the surface during the scan. The laser deflection method is used to detect the 
root-mean-square (rms) amplitude of the cantilever oscillation. A feedback loop 
maintains a constant oscillation amplitude by moving the scanner vertically at every x,y 
data point. Recording this movement forms the topographical image. 
For investigation of atomically smooth surfaces, the AFM is very suitable, since 
the AFM possesses a very good vertical resolution. It can resolve monoatomic steps on 
the sample surface as well as calculate an rms roughness of the surface. Surface 
morphology investigations for the grown AlN and AlGaN layers were performed by 
Dimension Edge atomic force microscopy (AFM) operating in tapping mode. The rms 






Figure 3.11: Types of defects in epitaxial layers 
 
From Figure 3.12, we can see that with 50 % x-value of AlxGa1-xN and increasing silane 
doping the surface morphology deteriorates. This is due to increase in point defects and 
increased edge dislocation. 
 
 
Figure 3.12 AFM scans and surface profile of 50% AlGaN  





3.3.4 Electronic Characterization of samples 
Electronic characterization of materials evolved in three levels of understanding. 
In the early 1800s, the resistance R and conductance G were treated as measurable 
physical quantities obtainable from two-terminal current (I) – Voltage (V) measurements 
.The resistance alone was not comprehensive enough since different sample shapes gave 
different resistance values. This led to the understanding of a second level 
characterization of a material. The focus turned to an intrinsic material property like 
resistivity or conductivity, which is not influenced by the particular geometry of the 
sample. For the first time, this allowed scientists to quantify the current-carrying 
capability of the material and carry out meaningful comparisons between different 
materials. By the early 1900s, it was realized that resistivity was not a fundamental 
material parameter, since different materials can hve the same resistivity. Also, a given 
material might exhibit different values of resistivity, depending upon how it was 
synthesized. This is especially true for semiconductors, where resistivity alone could not 
explain all observations. Theories of electrical conduction were constructed with varying 
degrees of success, but until the advent of quantum mechanics, no generally acceptable 
solution to the problem of electrical transport was developed. The third level of 
understanding includes the definitions of carrier dnsity (n) and mobility (µ) which are 
capable of dealing with even the most complex electrical measurements today. 
For this study doping of the AlGaN samples have been characterized using Hall 





3.3.5 Sheet resistance mapping 
Setup for sheet resistance mapping is shown in the following Figure 3.13. LEI 
1510 is a quick and noninvasive measurement technique. The LEI custom software 
generates the graphical image of scanned points in less than two minutes to scan through 
the entire wafer. Since this technique does not involve any physical contact with epitaxial 
layers and contact quality is irrelevant. The sample scan is shown in the Figure 3.14.    
 









3.3.6 Transmission Line Measurement (TLM) 
Transmission Line Measurement have been used to determine the contact 
resistance between metal and semiconductor as well as sheet resistance of the 
semiconductor layer. For TLM measurements ohmic contacts c1 to c5 were deposited as 
shown in the Figure 3.15: TLM measurement. The length L and width Z and spacing 
between contact pads are shown in the Table 3.3. The area between contact pad is the 
isolation mesa of the semiconductor layer. Current I, and voltage V were measured to 
determine the resistance between tow metal pads. The graph of contact separation versus 
resistance for sample -e is shown in Figure 3.16. TLM results for all other samples are 













[µm] Rd [Ω] Vb @ 20mA 
1 4.00 27.42 0.03870 
2 6.00 31.84 0.03754 
3 8.00 39.84 0.03388 






Figure 3.16: Resistance versus Contact separation from TLM 
 
 
Table 3.4: Results from TLM measurement for sample - e 
R0 Ω   18.38 
Z µm   200 
Sheet resistance Rsh Ω/□ slope x Z 471.7 
Transfer Resistance  Ω-mm R0 x Z 3.676 
Specific contact 
Resistance Rc 
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3.3.7 Hall measurement 
The key feature of hall measurements is the ability to determine the carrier 
density, the carrier type, and the mobility with a relatively simple method.  
 
Figure 3.17: The Hall Effect and the Lorentz Force 
The basic physical principle underlying the Hall effect is the Lorentz force, which is a 
combination of two separate forces: the electric for e and the magnetic force. When an 
electron moves along the electric field direction perpendicular to an applied magnetic 
field, it experiences a magnetic force NOP K Q acting normal to both directions.  
 







3.4 RESULTS AND DISCUSSION 
Table 3.5: Comprehensive results from various characte izations  
 
Characterization XRD AFM 
Sheet Resistance 
Mapping 
Calculation Hall Measurements 
n-


















































































































































































F 275 1.14 2 103 32.8 342 335 n/a 4.77E+19 207 37 8.06E+18 225 17 
G 273 1.04 3 78 36 241 238 n/a 7.16E+19 127 21 2.37E+19 169 33 
H 273 1.15 4 178 34 186 181 n/a 9.55E+19 102 22 2.80E+19 138 29 
I 271 1.07 6 91 32 125 124 n/a 1.43E+20 84 33 2.25E+19 127 16 
                 






s 853 10 
65% 
L 248 0.78 2 48 28 486 471 n/a 4.77E+19 401 25 6.13E+ 8 391 13 
M 249 0.90 3 53 35 353 345 n/a 7.16E+19 236 25 1.06E+19 370 15 
O 248 0.80 4 75 35 271 268 n/a 9.55E+19 251 34 7.32E+18 527 8 
             
 
   






s n/a 12 
72% 
V 238 0.98 2 72 36 568 489 9 4.77E+19 580 47 2.31E+18 n/a 13 
W 239 0.99 3 55 30 771 391 37 7.16E+19 350 19 9.31E+18 n/a 5 
X 238 0.98 4 61 31 569 290 41 9.55E+19 397 37 4.25E+18 n/a 4 






From comprehensive characterization results shown in Table 3.5, doping 
efficiency on AlxGa1-xN, for x = 50, has been found 32 % for silane = 1. For the similar 
silane doping efficiency reduced to 10 % for x = 65 %, and 12 % for x = 72%. With the 
higher silane doping = 4, the efficiencies have been found to be 29, 8 and 4 % for x-
values 50, 65, and 72%. These results are consistent with doping efficiency equation 3.12 





Figure 3.19: Sheet Resistance versus Al content in AlGaN  
 
We can clearly see the similar trend in Figure 3.19, as x-value increases the sheet 
resistance increases even when the silane flow is same for various AlGaN composition. 
This is true for all samples having various silane doping. This results are also consistent 
with doping efficiency equation. As x-value increass, doping efficiency reduces and 
sheet resistance increases. Carrier density and doping efficiency versus Al content results 
are shown in the following charts Figure 3.20 and Figure 3.21. Carrier density 






























Al xGa1-xN Composition,  x = Al %














Figure 3.21: Doping Efficiency versus Al content in AlGaN alloy 
 
 










































































X = 65 %
X = 50 %




Sheet resistance results from two measurement techniques, sheet resistance mapping, and 
hall measurement are shown in Figure 3.23 and Figure 3.24. Both results are consistent 


































Sheet Resistance from Hall versus Silane Flow 
X = 50 %X = 65 %

























Sheet Resistance from Mapping versus Silane Flow 
X = 50 %
X = 65 %










CHAPTER 4: CONCLUSIONS 
 
The comprehensive results, and all relevant charts show that as the doping 
concentration increased, carrier concentration was found to monotonically increase 
whereas doping efficiency reduced. Carrier concentrations were found to reduce with 
increased Al concentration, as expected due to increased ionization energy. Calculated 
doping efficiency was found to be consistent with doping efficiency equation. However, 
optimization of AlGaN quality strongly seems depend on the nucleation layer thickness. 
It is a crucial act of balancing, thinner buffer layer leads to poor quality of epitaxial layer 
and thicker ends up being highly cracked, thus optimum buffer thickness may help us 
achieving higher yield and efficiency of devices. From comprehensive results we can also 
conclude that optimized doping concentration is a key to higher efficiency and higher 
yield for semiconductor devices.  
Table 4.1: 121 Point Sheet Resistance Mapping of AlGaN with 72% Al content 
Silane 
Input 
Rsh - average Rsh - min Standard Deviation 
**  [ Ω/□]  [Ω/□]  [%] 
1 884 818 5.4 
2 568 489 9 
3 771 391 37 
4 569 290 41 
** proprietary information removed for silane, simply standard flow rate 








Figure 4.1 : Sheet Resistance Standard Deviation versus Silane flow over 2" wafer 
 
We can summarize conclusions as per following: 
 Increase in standard deviation of sheet resistance is indicative of material 
quality degradation.  
 Overall doping efficiency and carrier density reduces for AlGaN with higher 
Al content. 
  Sheet resistance increases for higher Al content AlGaN 
 Increase in standard deviation of sheet resistance is indicative of material 
quality degradation.  
 Sheet resistance reduces with increase in Si doping   
















































CHAPTER 5: FUTURE WORK  
 
Impurity doping as name suggests will modify the undoped crystal structure to 
make it n- or p- type of semiconductor. However polarization doping is a non-traditional 
way to get doping. Polarized doping may be employed along with substitutional doping. 
Instead of single composition of n-type layer, super lattice type n-layer may be employed. 
Balanced doping, proportional to Al Content in superlattice type structures may help 
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